The primary organic phosphate modifiers of haemoglobin function are DPG (2,3-diphosphoglycerate) in the toad Bufo marinus and ATP in the lizard Trachydosaurus rugosus. Myo-IP6 (myoinositol hexaphosphate) and myo-IPs (myo-inositol pentaphosphate) are more effective than ATP or DPG in reducing the oxygen affinities of the haemoglobins of B. marinus, T. rugosus and man, while ATP and DPG are about equally effective. Competition experiments indicate that ATP, DPG and myo-IP6 bind to the same site or sites on the haemoglobins of each of the species. These findings, and those of others, are interpreted as evidence that the evolution of an organic phosphate binding site on the haemoglobin of an ancient vertebrate pre-adapted haemoglobin for interaction with a set of organic phosphates having certain structural features in common.
Introduction
The functional properties of haemoglobins from most classes of vertebrates have been shown to be modified by certain organic phosphates of the red blood cell cytoplasm* (Benesch et al. 1968; Johnson and Tate 1969; Gillen and Riggs 1971; Wood 1971; Misson and Freeman 1972; Anderson et al. 1973; Larkin 1973; Taketa and Nickerson 1973; Vandecasserie et al. 1973; Geoghegan and Poluhowich 1974) . The organic phosphates of the red blood cell cytoplasm so far shown to be modifiers of haemoglobin function are ADP, ATP, GTP, DPG (2,3-diphosphoglycerate), and myo-IP 5 (myo-inositol pentaphosphate). These organic phosphates act on human haemoglobin by binding preferentially to the quaternary deoxy form in the central cavity between the f3 subunits. Thus they place additional constraints on either, or both, the quaternary deoxy form and the deoxy conformation of the subunits, and thereby lower the overall affinity of haemoglobin for oxygen (Perutz 1970a (Perutz , 1970b Arnone 1972; Janssen and De Bruin 1973; Arnone and Perutz 1974) .
The evolution of haemoglobin function in the vertebrates, then, may be viewed as a co-evolution of the haemoglobin structure and the organic phosphate allosteric inhibitors of haemoglobin function in the red blood cell cytoplasm.
To study this co-evolution it is desirable to know which organic phosphates are naturally occurring modifiers in a sample of organisms from each of the classes of vertebrates. Such comparative data may indicate the order of emergence of the different organic phosphates as modifiers during the evolution of the vertebrates. This paper presents such data from an anuran amphibian, Bufo marinus, and a lizard, Trachydosaurus rugosus.
It is also reasonable to ask if the substitution, during the evolution of vertebrates, of one organic phosphate modifier for another, DPG for ATP and myo-IP s for ATP, necessarily involved a change in the structure of haemoglobin. If the structure of haemoglobin had to be adapted for interaction with each organic phosphate it might be expected that the organic phosphate binding site of a species' haemoglobin would be highly specific for the organic phosphate in highest concentration in its erythrocytes. However, if the early evolution of an organic phosphate binding site on vertebrate haemoglobin pre-adapted the haemoglobin molecule for interaction with a set of organic phosphates, with similar structural features, one would not expect much specificity in the interaction of ATP, DPG and myo-IP s with haemoglobins from distantly related species.
Consequently, in this paper the effectiveness of the different organic phosphates on the haemoglobins of B. marinus, T. rugosus and man is reported. Further, the question of whether or not the organic phosphates compete for a site or sites on haemoglobin is investigated by determining the oxygen equilibrium curves of the haemoglobins from the above species in the presence of mixtures of the different organic phosphates.
Materials and Methods

Assay of Acid-soluble Organic Phosphates of Red Blood Cell Cytoplasms
Blood was drawn from B. marinus and T. rugosus by heart puncture and immediately chilled in ice. The red blood cells were washed twice in four to five volumes of saline, 0'85% (w/v) NaCI in the case of B. marinus and 0·95% (w/v) NaCI in the case of T. rugosus. The buffy layer was removed and about 3-5 ml of cells were then lysed with 3· 5 volumes of double, glass-distilled water. The haemolysate was then centrifuged at 10000 g to separate the nuclei. The haemoglobin concentration was then determined, by assuming that an oxyhaemoglobin solution of 1·14 mg/ml gives an absorbance of 1·0 at 542 nm with a l'O-cm path length (Gillen and Riggs 1971) . The nuclei-free haemolysate was then extracted twice with two volumes of 20% (w/v) trichloroacetic acid. To this stage all glassware and solutions were maintained at 0--4°C. The trichloroacetic acid was then removed from the extract by four extractions with four volumes of anhydrous ether.
The extract was then neutralized with 10% (w/v) ammonium hydroxide and chromatographed on Dowex 1 x 8, 400 mesh, using a linear gradient of 0-5N ammonium formate, pH 3· 0, as in the method of Bartlett (1970) . The E260 nm was determined for each fraction and the fractions were then assayed for total phosphate according to the method of Bartlett (1959) . The acid-soluble organic phosphates were identified by comparing their elution position with standards and by their u.v. absorbance spectra.
The extracts of both B. marinus and T. rugosus red blood cells were also separated by paper electrophoresis as described by Tate (1968) . T. rugosus extracts were subjected to electrophoresis in 0 ·IM oxalate buffer (pH 1· 5) while B. marinus extracts were subjected to electrophoresis in this buffer and also in O'lM citrate buffers, pH 4'5, 4·9 and 5'5.
Determination of Haemoglobin-Oxygen Equilibrium Curves
In the cases of B. marinus and T. rugosus a nuclei-free haemolysate was prepared as above. To prepare a 'non-stripped' haemoglobin solution, for determination of the haemoglobin-oxygen equilibrium curve, a volume of the haemolysate containing 10 mg of haemoglobin was diluted with an equal volume of 0'2M NaCI, O'lM bis-tris-HCI buffer, pH 6·7 or 7·3. The solution was then made up to 5 ml with O'lM NaC!, 0'05M bis-tris-HCI buffer, pH 6'7 or 7·3.
Human haemoglobin was obtained from healthy donors and assumed to be primarily Hb A. The haemoglobins of the three species were 'stripped' of small molecules by the method of Benesch 5'
et al. (1968) in O'IM NaCl, 0'05M bis-tris-HCI, pH 7·3. The stripped haemoglobin solutions, for determination of haemoglobin-oxygen equilibrium curves, consisted of 10 mg of stripped haemoglobin in 5 ml of this buffer adjusted to pH 7·3 or 6· 7. The pentacyclohexyl ammonium salt of DPG, and the sodium salts of ATP, myo-IPs and myo-IP6 (myo-inositol hexaphosphate), were dissolved in double, glass distilled water and then converted to their free acids by reaction with an excess of Dowex-50. Myo-IP 6, which is a close structural analogue of myo-IPs , was used in most of these experiments because the former molecule is more easily obtained. To prepare solutions of stripped haemoglobin plus organic phosphate a volume of distilled water containing the desired number of moles of organic phosphate was diluted with an equal volume of O' 2M NaCl, O'IM bis-tris-HCI buffer, 10 mg of stripped haemoglobin in O'IM NaCI, 0'05M bis-tris-HCI, pH 7·3 was added, and the solution brought up to 5 ml with this buffer, pH 7·3 or 6'7.
The haemoglobin-oxygen equilibrium curves were determined spectrophotometrically by the method of Riggs and Wolbach (1956) . The measurements were made at 20°C in O'IM NaCl, 0'05M bis-tris-HCI, pH 7·3 or 6· 7. The pH was adjusted before deoxygenation and measured at the end of each experiment. The haemoglobin concentration was about 31 fJ,M, assuming a molecular weight for the haemoglobin tetramer of 65 000. A The molecular weight of the tetrameric haemoglobin is assumed to be 65000.
Results
Assay of Acid-soluble Organic Phosphates in the Red Blood Cell Cytoplasms of B. marinus and T. rugosus
Chromatograms of typical extracts of B. marinus and T. rugosus red blood cell cytoplasms are shown in Fig. 1 . In the chromatograms of B. marinus the major organic phosphates cochromatograph with DPG, AMP and ADP. In T. rugosus the major components cochromatograph with ATP, ADP and AMP. It is likely that in both species some ATP has been degraded to ADP and AMP during the extraction process.
The identification of the major components was checked with paper electrophoresis. The major organic phosphates of B. marinus extracts were indistinguishable from DPG, AMP and ADP whilst those of T. rugosus were indistinguishable from ATP, ADP and AMP.
The number of moles of tetrameric haemoglobin, and the molar ratios of the major organic phosphate components to tetrameric haemoglobin, in the nuclei-free haemolysates of both species (from which extracts for chromatography were prepared) are recorded in Table 1 . The number of moles of organic phosphate were calculated from the measurements of total phosphate in each tube after chromatography. 
Comparison of Oxygen Equilibrium Curves of Stripped and Non-stripped Haemoglobin
Solutionsfor B. marinus and T. rugosus
To determine if the small molecules in the red blood cell cytoplasms of the two species have an effect on the oxygen affinities of their haemoglobins, the oxygen equilibrium curves of diluted haemolysates, called non-stripped haemoglobin solutions, were compared with those of stripped haemoglobin solutions. These comparisons underestimate the effect of the organic phosphates on the oxygen affinities of the haemoglobins in vivo because the reduction of the oxygen affinity of haemoglobin by an organic phosphate allosteric inhibitor is a function of the absolute concentration of the inhibitor, and the haemolysates have been diluted about 35-50-fold in the preparation of the non-stripped haemoglobin solutions. Fig. 2 shows the oxygen equilibrium curves of stripped and non-stripped haemoglobin solutions, at pH 6·7 and 7·3, for both species. It can be seen that there is a small but consistent shift of the curves to the right in all the non-stripped solutions, indicating a reduction in the oxygen affinities of both haemoglobins by the small molecules in the haemolysates. The approximate half-saturation (P 50) values of these are given in Table 2 .
Effectiveness of D(fferent Organic Phosphates in Reducing the Oxygen Affinities of
B. marinus, T. rugosus and Human Haemoglobins
The oxygen affinity of a haemoglobin is inversely proportional to the P 50 value of its oxygen equilibrium curve. The P 50 values of oxygen equilibrium curves of stripped haemoglobin solutions from the three species, at two pH values, with different organic phosphates added are given in Table 3 . The P 50 values at pH 6'7, plotted as a function of the molar ratios of DPG, ATP and myo-IP 6 to tetrameric haemoglobin for each species are shown in Fig. 3 .
Molar ratios of DPG to B. marinus haemoglobin, and ATP to T. rugosus haemoglobin, of one are approximately equivalent to the situation that exists in the cytoplasm of the erythrocytes and in the non-stripped haemoglobin solutions of the two species (Table 1) . Comparisons of the P 50 values of solutions in which DPG/ B. marinus haemoglobin = 1, and ATP/T. rugosus haemoglobin = 1, in Table 3, with the P 50 values of the non-stripped haemoglobin solutions in Table 2 , indicates that the reduction in oxygen affinity of the non-stripped haemoglobin solutions, as compared with the stripped haemoglobin solutions, can be accounted for by the presence of organic phosphates in the red blood cell cytoplasms.
From Table 3 and Fig. 3 it can be seen that DPG appears to be slightly more effective than ATP in reducing the oxygen affinity of B. marinus haemoglobin. These two organic phosphates are about equally effective on the haemoglobins of T. rugosus and man. Myo-IP 6 and myo-IP s are more effective than DPG and ATP at both pH values in all three species. Furthermore, in the haemoglobins of all three species, the Bohr effect is more pronounced in the presence of the inositol polyphosphates. This is particularly true for myo-IP 5, which is the naturally occurring modifier of haemoglobin function in the chicken (Johnson and Tate 1969) . For chicken haemoglobin the Bohr effect is greater in the presence of myo-IP 5 than in the presence of myo-IP 6 (Tate and Coates, unpublished data). From Fig. 3 it can be seen that much lower concentrations of myo-IP 6 , than of DPG or ATP, are needed to saturate the haemoglobins of all three species. 
Effectiveness of Pairwise Combinations of the Different Organic Phosphates in Reducing the Oxygen Affinities of the Haemoglobins ofB. marinus, T. rugosus and Man
It can be seen from Fig. 3 that for all three species, haemoglobin becomes saturated with organic phosphate beyond a certain concentration and very little further decrease in oxygen affinity results from an increase in the concentration of organic phosphate. This is in agreement with the results of other workers (R0rth 1970; Tyuma and Shimizu 1970; Araki et al. 1971; Gillen and Riggs 1971) .
If two organic phosphates bind to different sites on haemoglobin one would expect them to exert their effects on the oxygen affinity of the haemoglobin somewhat independently, and therefore the two organic phosphates together, at saturating concentrations, would bring about a greater reduction in oxygen affinity than either was capable of producing alone. However, if the organic phosphates bind to the same site one would expect them to compete for that site. In this case one would not expect that the two organic phosphates together would reduce the oxygen affinity of haemoglobin any more than the more effective one alone, at saturating concentrations. In fact, in this case a large excess of a less effective organic phosphate would be expected to prevent a more effective organic phosphate from producing its full effect, because of competition for the binding site. These considerations provide a means for determining whether or not the different organic phosphates share sites on the haemoglobins of the three species. Table 4 shows the P so values, at pH 6'7, of stripped haemoglobins of the three species with various pairwise combinations of ATP, DPG and myo-IP 6 added. P so values, taken from Fig. 3 , for appropriate molar ratios of a single organic phosphate to haemoglobin are shown for the purpose of comparison. Firstly, by comparing the results for mixtures of ATP and DPG with those for ATP or DPG alone it can be seen that ATP and DPG together produce no greater reduction in oxygen affinity, of any of the three species' haemoglobins, than would be expected if all the organic phosphate were either ATP or DPG. This is also true for combinations of ATP and myo-IP 6 and DPG and myo-IP 6 in T. rugosus. Secondly, in the case of B. marinus and man, it is seen that large excesses of ATP and DPG compete with myo-IP 6 and thus prevent myo-IP 6 from having its full effect. These results indicate that ATP, DPG and myo-IP 6 share the same site or sites on the haemoglobin of each species.
Discussion
The results show that DPG and ATP (and perhaps ADP) may be regarded as the naturally occurring modifiers of haemoglobin function in B. marinus and T. rugosus respectively. To my knowledge B. marinus is the only amphibian in which DPG has been demonstrated to be the primary naturally occurring modifier. Other amphibians, both anurans and urodeles, apparently use ATP primarily, with varying amounts of DPG present (Bartlett 1970; Araki ,et al. 1971; Wood 1971) . The occurrence of :pPG as a primary modifier of haemoglobin function in the nucleated red blood cells of a species of amphibian indicates that the use of ATP or DPG is not determined only by the presence or absence of nuclei. The occurrence of DPG as a primary modifier in B. marinus provides an opportunity for comparison of the red blood cell metabolism of this species with that of the mammals, with a view to discovering if there are any common characteristics which might make it advantageous for the cells of both of these distantly related organisms to use DPG rather thanATP. ATP has previously been demonstrated to be present in reptilian erythrocytes in high concentrations (Rapoport and Guest 1941; Bartlett 1970) . However, the effects of stripping and of ATP on the haemoglobin of any reptile had not previously been determined. The assay of red blood cell cytoplasm organic phosphates of T. rugosus showed a relatively large amount of ADP as well as ATP. In fact, it is only when the ATP and ADP are added that the molar ratio of organic phosphate to haemoglobin approximates one. Some of the ADP is probably the degradation product of ATP but not all of the ADP can be accounted for in this way. In any case, ADP and ATP are equally effective in reducing the oxygen affinity of T. rugosus haemoglobin (Bolton and Coates, unpublished data).
ATP has been found to be the primary naturally occurring modifier of haemoglobin in two species of bony fishes (Gillen and Riggs 1971; . ATP and DPG are probably used to varying extents in different species of amphibians (Rapoport and Guest 1941; Bartlett 1970; Araki etal. 1971 ; Table 1 ). ATP appears to be the primary modifier in reptiles (Bartlett 1970 ; Table 1 ) while DPG is the primary modifier in many mammalian species (e.g. Bartlett 1970 ). Inositol polyphosphates are known to be important modifiers in at least two species of birds and probably others (Bartlett 1970; Missen and Freeman 1972; Vandecasserie et al. 1973) . However, Johnson and Tate (1969) and Steward and Tate (1969) have shown that in two species the predominant inositol polyphosphate present is 1,3,4,5,6-myoinositol pentaphosphate and not the hexaphosphate previously reported. Inositol polyphosphates may be present in some reptiles and amphibians (Rapoport and Guest 1941; Araki et al. 1971 ; Fig. 1 ). ATP seems to be used to some extent as a modifier in all of the above mentioned classes of vertebrates. These data are sufficient to indicate that the probable order of emergence of the organic phosphates as modifiers of haemoglobin function was ATP, DPG, myo-IP s .
The results reported here indicate that DPG, ATP and myo-IP 6 bind to the same· site or sites on the deoxyhaemoglobins of B. marinus, T. rugosus and man (cf. Fig. 3 and Table 4 ). Arnone (1972) and Arnone and Perutz (1974) have shown that anionic groups on DPG and myo-IP 6 interact with the same eight cationic groups on human deoxyhaemoglobin (myo-IP 6 may interact with two addional groups on human deoxyhaemoglobin). Taken together these results indicate that the structures of ATP, DPG and myo-IP 6 have features in common such that a deoxyhaemoglobin which binds one must also bind the others to a certain extent. Thus it seems reasonable to conclude that the origin of an organic phosphate binding site on the haemoglobin of an ancient vertebrate pre-adapted the haemoglobin molecule for interaction with a set of organic phosphates. Therefore substitutions of one organic phosphate modifier for another did not necessarily involve changes in the structure of haemoglobin.
The pre-adaptation apparently extends to the relative effectiveness of organic phosphates in reducing the oxygen affinity of haemoglobin. In the three species studied DPG and ATP are about equally effective while myo-IP6 and myo-IPs are more effective than either of the former organic phosphates. Furthermore, the Bohr effect is greater with myo-IP 5 than with myo-IP 6-Other workers have reported on the relative effectiveness of organic phosphates on the haemoglobins of various species. Benesch et al. (1968) found that myo-IP6 has a greater effect than DPG on the haemoglobins of both chicken and man. Tyuma and Shimizu (1970) found the effectiveness of ATP relative to DPG to be about the same for both foetal and adult human haemoglobin and that foetal haemoglobin is less affected by these organic phosphates than adult haemoglobin. Gillen and Riggs (1970) found DPG to be slightly less effective than ATP, at pH 7·2, on the haemoglobin of a bony fish (Cichlosoma cyanoguttatum). Brunori et al. (1973) report that myo-IP 6 and ATP are about equally effective on the major haemoglobin component of trout (Salmo iridens). Taketa and Nickerson (1973) found ATP to be slightly more effective than DPG, and myo-IP 6 more effective than ATP, at pH 7 ·0, on the haemoglobin of a salamander (Cryptobranchus). Araki et al. (1971) report that myo-IP 6 is slightly more effective than ATP and both are more effective than DPG on Rana catesbiana (anuran amphibian) tadpole haemoglobin, while DPG and ATP are about equally more effective than myo-IP 6 on adult Rana catesbiana haemoglobin. Surprisingly, these workers found that myo-IP 6 had no effect on adult Rana castesbiana haemoglobin.
Caution should be exercised in accepting these results, particularly with regard to the effectiveness of myo-IP 6. I have found that the effectiveness of myo-IP 6 will be underestimated if the untreated sodium salt is used. For a fair comparison, the salts of all organic phosphates should be reacted with a large excess of Dowex-50 to convert most of the phosphates into their free acids.
In any case, the observations that DPG and myo-IP 6 are effective on the haemoglobin of bony fishes and that myo-IP 6 is more effective than ATP or DPG on the haemoglobins of both birds and some amphibians are evidence that pre-adaptation may have occurred.
The organic phosphate binding site on human deoxyhaemoglobin is in the central cavity between the two f3 chains of the tetramer (Arnone 1972; Arnone and Perutz 1974) . I know of no direct evidence which indicates the position of the organic phosphate binding site or sites on other vertebrate deoxyhaemoglobins. However, in light of the pre-adaptation argument presented here there is no need to postulate organic phosphate binding sites at other positions on the tetrameric haemoglobins of other vertebrates.
